Chemokine-driven neutrophil and monocyte recruitment into the uterus and cervix has been proposed to initiate labor. Chemokines that bind CXCR2 direct neutrophil migration and are induced during labor in humans. The chemokine CCL2, induced in the uterus by endocrine and mechanical signals, has been proposed to drive CCR2-dependent monocyte homing to the uterus to contribute to the initiation of labor. However, no direct evidence indicates that chemokines or their receptors play indispensable roles in labor-associated inflammation, and the impact of leukocyte infiltration on labor is unclear. Here, we have quantified expression of the principal monocyte-and neutrophil-attracting chemokines in the uteri of term pregnant (Day 18) and laboring wild-type mice. None of the neutrophil attractants we assayed were up-regulated with labor. Strikingly, however, Ccl2 was markedly increased, and this was concomitant with increased expression of Ccr2, the myeloid marker Itgam (also known as Cd11b), the monocyte/macrophage marker Emr1 (also known as F4/80). Moreover, in CCR2-deficient mice, this labor-associated increase in Itgam and Emr1 was not seen, consistent with the monocyte-trafficking defects that exist in these animals. Nonetheless, laboring CCR2-deficient and wild-type uteri showed similarly enhanced expression of the myometrial activation markers Gja1 and Oxtr (commonly known as connexin 43 and oxytocin receptor, respectively), and CCR2-deficient mice had gestation lengths, litter sizes, and fetal and placental weights no different from those of their wild-type counterparts. Thus, whereas labor is associated with an inflammatory response in gestational tissues, CCR2-dependent leukocyte recruitment into the mouse uterus is dispensable for the initiation of successful labor.
INTRODUCTION
The mechanisms underlying the initiation of normal human labor are not fully understood, but it has been proposed that an inflammatory response within the uterus may trigger the onset of myometrial contractions [1] [2] [3] [4] [5] . Inflammation within the uterus was initially described as a cause of preterm labor, with studies showing that infection and, hence, inflammation are present in 30%-50% of cases of preterm birth [6] . However, the extent to which leukocyte recruitment to the uterus and production of proinflammatory mediators drive the induction of term labor remains to be elucidated. For example, the concept of cervical ripening being an inflammatory process [7] is now being debated, with human transcriptional studies showing inflammation-related genes are not differentially regulated between women with ripe and unripe cervices at term [8] . In addition, no correlation has been found between the degree of cervical ripening and expression of CXCL8 (interleukin [IL] 8), a proinflammatory cytokine that can mediate the chemotaxis and activation of neutrophils [9] . However, several immune cell types, predominantly macrophages and neutrophils, substantially increase in number during term labor within the myometrium and cervix in humans [1, 10] , and a large infiltration of macrophages occurs within the decidua during both term and preterm labor [11] . These infiltrating leukocytes are sources of proinflammatory cytokines such as IL1B, IL6, CXCL8 (IL8), and tumor necrosis factor-a within the myometrium, cervix, and decidua of laboring women and are thought to perpetuate local inflammation [12] .
Leukocyte recruitment into gestational tissues likely requires the action of chemokines, which direct cell trafficking by signaling through G protein-coupled receptors that decorate the surface of leukocytes. The chemokine receptor CXCR2 is of key importance for neutrophil migration, whereas CCR2 directs recruitment of monocytes, which subsequently differentiate into macrophages (identifiable by expression of EMR1 in mice) [13] . We have previously reported a specific chemokine signature associated with the onset of labor in humans that is dominated by expression of genes encoding the CCR2 ligand, CCL2, and the CXCR2 ligands, CXCL3, CXCL5, and CXCL8 [3] . Other studies in rats [14] and humans [15] have shown up-regulation of Ccl2 expression in the myometrium during labor and that it can be induced by mechanical stretch, progesterone withdrawal, and cytokine exposure [14] . This has led to the proposal that CCL2 integrates endocrine and mechanical signals to drive uterine inflammation and regulate the induction of labor [14] . CCR2-deficient mice are suitable tools with which to explore this hypothesis. They have a normal distribution of tissue macrophage populations under resting conditions but show severe defects in the release of inflammatory monocytes from the bone marrow and recruitment of these cells from blood during acute tissue inflammatory responses [16] [17] [18] [19] .
In the present study, we compared labor in CCR2-deficient and wild-type (WT) mice to identify CCR2-dependent changes in the expression of chemokines, chemokine receptors, and leukocyte markers that occur with the onset of labor. We then assessed whether CCR2 plays any indispensable role in determining the timing of the initiation of labor in mice.
MATERIALS AND METHODS

Animals
Animal work was performed under U.K. Home Office licenses. C57BL/6 mice and CCR2-deficient (C57BL/6 background) mice were maintained in specific pathogen-free conditions at the University of Glasgow's Central Research Facility. To generate pregnant mice, virgin females (age, 10-14 wk) were housed with male WT mice for 2 h. Presence of a vaginal plug indicated mating had occurred and was designated as Day (D) 0 of pregnancy, with labor occurring usually after the start of D19. Pregnant females were euthanized on D18 or after delivery of the first pup. The time from setting up the timed mating to delivery of the first pup was used as a measure of the length of gestation. Virgin females were used as nonpregnant controls.
Quantitative RT-PCR
Pups and placentas were removed and the uterine tissue cut into lower, mid, and upper regions of both left and right horns, snap-frozen in liquid nitrogen, and stored at À808C. Frozen tissues were homogenized in 1 ml of TRIzol reagent (Invitrogen) using an Omni lH homogenizer (Omni International). RNA was extracted, quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific), and treated with DNase I (Ambion). Complementary DNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Messenger RNA expression was quantified by TaqMan technology on the ABI Prism 7900HT system (Applied Biosystems) using the probes summarized in Table 1 . Reactions contained 1.25 ll of 203 target assay or endogenous control assay, 12.5 ll of 23 Master Mix (Applied Biosystems), and 10.25 ll of diethylpyrocarbonate-treated water. One microliter of cDNA was added to each well, or 1 ll of 1:10 dilution of cDNA was added to each well that included the housekeeping gene, Gapdh. Reactions were incubated at 508C for 2 min, 958C for 10 min, and then 40 cycles of 958C for 15 sec and 608C for 1 min. Threshold cycle (C T ) values were determined using SDS Version 2.3 software (Applied Biosystems). Expression of target genes was normalized to that of Gapdh, and the average of lower, mid, and upper uterine horn samples was calculated for each mouse. For all genes and time points analyzed, no notable differences were found between upper, mid, and lower uterine sections. Mean expression at D18 was set to 100%.
Statistics
Data were analyzed with GraphPad Prism Version 5.0 software (GraphPad Software) using, as appropriate, Mann-Whitney U-test, Mantel-Cox test, or two-way ANOVA followed by Bonferroni posttest, with P , 0.05 accepted as significant.
RESULTS
Increased Uterine Expression of
Emr1, Ccl2, Ccl3, and Ccr2 with Labor
in Mice
We first examined whether mouse labor was associated with uterine inflammation. Uteri were harvested from WT mice 18 days after conception (D18) or shortly after delivery of their first pup. To enumerate leukocyte abundance in the uterus, we analyzed for expression of genes encoding markers of myeloid
T cells (CD3), and neutrophils (neutrophilic granule protein [NGP]) by quantitative RT-PCR (qRT-PCR)
. The preferential expression of these genes in their respective leukocyte subset was supported by screening microarray data on the ImmGen website (www.immgen.org), and although these genes can be expressed at low levels by other leukocyte subsets, qRT-PCR should provide a sensitive indication of changes in the leukocyte populations the uterus. Using this approach, we found that expression of Itgam and Emr1, but not of Cd3 or Ngp, significantly increased with labor, indicating increased monocyte/macrophage abundance in the uterus (Fig.  1A) . Expression of genes encoding two other markers of neutrophils, S100 calcium-binding protein A9 (S100A9) and cathelicidin antimicrobial peptide (CAMP) (data not shown), was also not increased with labor (P ¼ 0.08 and 0.33, respectively). EMR1 can be expressed at a low level by eosinophils [20] , but expression of the gene encoding major basic protein (MBP), a more restricted marker of eosinophils [21] , was not significantly increased with labor (data not shown, P ¼ 0.10). 
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We also assessed expression of chemokines and chemokine receptors known to drive neutrophil or monocyte recruitment during inflammation. The expression of the gene encoding CXCR2 (Il8rb) and those for its ligands (Cxcl1, Cxcl3, and Cxcl5) was not increased with labor (Fig. 1B) , consistent with no increase being found in expression of neutrophil markers. Expression of Ccl12, which encodes the CCR2 ligand, CCL12, was also unchanged, as was that of Ccl8 (although recent work suggests that CCL8 may not operate through CCR2 in mice [22] ). In contrast, labor was associated with increased expression of Ccr2, Ccl2, Ccl3 (CCL3 is a likely ligand for CCR2 in mice [23] ), and Ccl7 (although the change in Ccl7 expression failed to reach statistical significance [P ¼ 0.09]) (Fig. 1C) . Thus, labor in mice is associated with increased uterine expression of monocyte chemoattractants and a concomitant increase in the expression of Ccr2, Itgam, and the monocyte/macrophage marker Emr1. In addition, despite being increased in laboring human uteri [3] , we found no detectable increase in expression of neutrophil markers or neutrophil attractants in laboring WT mouse uteri.
Labor-Associated Increase in Uterine Expression of Emr1 and Itgam Is CCR2-Dependent
If the labor-associated increase in Emr1 and Itgam expression reflects monocyte recruitment into the uterus, it should be attenuated in CCR2-deficient mice. Thus, we harvested uteri from D18 and laboring CCR2-deficient mice and examined expression of leukocyte subset markers, chemokines, and their receptors ( Fig. 2A) . Strikingly, no difference was found in the expression of any leukocyte subset markers between D18 and laboring CCR2-deficient mice: The increase in Emr1 and Itgam expression seen in laboring WT mice was completely lost in the absence of CCR2. Unexpectedly, we found increased expression of Cxcl3 and Cxcl5 in laboring CCR2-deficient mice (Fig. 2B) , although this failed to lead to increased expression of Il8rb (Fig. 2B) , Ngp ( Fig. 2A) , or the genes coding for additional neutrophil markers S100A9 and CAMP (data not shown). Expression of Ccl7 was increased with labor in CCR2-deficient mice, but unlike WT mice, these animals showed no statistically significant increase in expression of Ccl2 or Ccl3 (Fig. 2C) . As expected, no Ccr2 mRNA was detected in any uterine samples from CCR2-deficient mice (data not shown). Thus, CCR2 deficiency is associated with changes in the chemokine expression profile of laboring uteri but, more importantly, results in the loss of the labor-associated increase in Emr1 and Itgam expression.
CCR2 Deficiency Has No Effect on Gestation Length, Litter Size, Fetal-Placental Index, or Myometrial Activation
We next examined the impact of CCR2 deficiency on myometrial activation and the timing of labor while also comparing litter size and fetal and placental weights between WT and CCR2-deficient mice. Cohorts of pregnant WT and CCR2-deficient female mice, mated in a 2-h period with WT males, were followed until the delivery of their first pup (i.e., entry into labor). At this point, litter size and fetal and placental weights were recorded and uteri analyzed by qRT-PCR. Significantly, maternal CCR2 deficiency had no significant
Labor is associated with increased expression of Emr1, Ccl2, Ccl3, and Ccr2 in the uterus of WT mice. RNA was extracted from uterine horn tissue of D18 of pregnancy (white bars) and laboring WT mice (hatched bars) and converted into cDNA. Quantitative RT-PCR was performed using probes for the leukocyte markers Itgam, Emr1, Cd3, and Ngp (A); Il8rb, Cxcl1, Cxcl3, and Cxcl5 (B); and Ccr2, Ccl2, Ccl3, Ccl7, Ccl8, and Ccl12 (C). Expression was normalized relative to that of Gapdh, and the mean expression in D18 samples was set to 100%. Data presented 3 as the mean 6 SEM (n ! 5 mice/group). *P , 0.05, **P , 0.01 as determined by Mann-Whitney U-test.
CCR2 IN LABOR
impact on gestation length, litter size, or mean fetal or placental weight (Fig. 3, A-E) . In humans, fetal-placental index (FPI) (birth weight divided by placental weight) can be used to indicate appropriate fetal growth in pregnancies involving multiple fetuses [24] , but no difference was found in mean FPI between laboring WT and CCR2-deficient mice (Fig. 3E) . In addition, myometrial activation markers Gja1 and Oxtr (commonly known as connexin 43 and oxytocin receptor, respectively) [25] [26] [27] were both significantly up-regulated with onset of labor in WT and CCR2-deficient mice, and the extent of up-regulation was unaffected by CCR2 deficiency (Fig. 3, F  and G) . Thus, despite its importance in regulating monocyte trafficking into inflamed tissues, the absence of maternal CCR2 had no discernible impact on the initiation of labor in mice.
DISCUSSION
Given the importance of CCR2 for inflammatory monocyte release from bone marrow and the profound impact CCR2 deficiency has on monocyte accumulation in tissues in a variety of models of inflammation in mice [16-19, 28, 29] , it is perhaps not surprising that our data indicate CCR2 regulates monocyte/macrophage abundance in the uterus during labor in mice. CCL2 is induced in the laboring uterus of humans and rats, so it seems that this is a common feature of mammalian labor [14, 15] . In contrast, labor in humans is associated with elevated neutrophil numbers in the myometrium [1] and increased expression of CXCL3, CXCL5, and CXCL8 [3], but we found no labor-associated increase in uterine expression of genes encoding CXCR2-binding chemokines or three neutrophil markers in WT mice. Previous work has reported that neutrophil numbers increase substantially within the mouse cervix during infection-induced preterm labor [30] and in the postpartum period [31] . However, the present results with the uterine horn in mice suggest that neutrophils are not recruited to the WT uterus at the time point in labor we examined, although it is important to verify these findings by other approaches, such as immunohistochemistry or flow cytometry.
Unexpectedly, CCR2-deficient mice did not show the same alterations in chemokine expression with labor that were seen in WT animals. Most notably, Ccl2 was not up-regulated, but Cxcl3 and Cxcl5 were. This may be due to changes in the leukocyte content of the uterus, such as decreased monocyte/ macrophage abundance, but we currently have no robust explanation for these changes. However, it should be noted that increased Cxcl3 and Cxcl5 expression does not appear to be sufficient to drive any detectable neutrophil infiltration into the laboring CCR2-deficient uterus, and in the absence of CCR2 (the only signaling receptor for CCL2), the lack of Ccl2 upregulation during labor in these mice is unlikely to have any biological consequences.
The present study shows that CCR2-mediated leukocyte recruitment is not required for successful initiation of labor and myometrial contractions in mice. This observation, along with other studies showing that neutrophil depletion has no adverse effect on cervical ripening or the onset of labor [32] , clearly indicates that further experiments are required before we understand if-and if so, how-uterine inflammation controls the initiation of term labor. Studies examining leukocytes within the human myometrium have been limited to crosssectional studies with tissue sampling done after the labor FIG. 2. CCR2 deficiency prevents the labor-associated increase in Emr1expression. RNA was extracted from uterine horn tissue from D18 of pregnancy (white bars) and laboring (hatched bars) CCR2-deficient mice and cDNA synthesized. Quantitative RT-PCR was performed using probes for the leukocyte markers Itgam, Emr1, Cd3, and Ngp (A); Il8rb, Cxcl1, Cxcl3, and Cxcl5 (B); and Ccr2, Ccl2, Ccl3, Ccl7, Ccl8, and Ccl12 (C). Expression was normalized relative to that of Gapdh, and mean expression in D18 samples was set to 100%. Data are shown as the mean FIG. 3. CCR2 deficiency has no effect on gestation length, litter sizes, fetal or placental weights, FPI, or myometrial activation. A) Time of delivery of first pup in hours after the start of D19 of pregnancy (WT, n ¼ 6; CCR2-deficient [KO], n ¼ 5; P-value determined by a Mantel-Cox test. B) Litter sizes pooled from D18 and laboring mice (WT, n ¼ 12 mothers; KO, n ¼ 10 mothers). C and D) Mean pup and placental weight (in grams) in laboring mice. E) FPI for each litter in laboring mice. FPI ¼ weight of the pup divided by weight of its placenta. In C-F, graph shows the median 6 interquartile range of data from six WT and five KO mothers. Statistical differences were determined using the Mann-Whitney U-test. F and G) Quantitative RT-PCR data assessing expression of the myometrial activation markers Gja1 (F) and Oxtr (G). Expression was normalized relative to that of the housekeeping gene Gapdh, and average expression in nonpregnant samples was set to 100%. Data are presented as the mean 6 SEM (n ¼ 5-6 mice/group). **P , 0.01, ***P , 0.001 as determined by two-way ANOVA followed by the Bonferroni posttest.
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process has started. It is therefore difficult to determine whether immune cells travel to the uterus before or after labor begins (i.e., as a cause or a consequence of labor), and more detailed work is required to precisely determine the temporal relationship between leukocyte infiltration, myometrial activation, and labor induction. Notwithstanding, we think that the influx of leukocytes into laboring gestational tissues at term, rather than promoting labor, might instead be involved in the repair and remodeling of these tissues after labor. Evidence for this hypothesis is limited, although it has recently been shown that decidual macrophage numbers remain elevated in the immediate postpartum period, leading to the suggestion that these cells may contribute to uterine remodeling [11] . It is interesting to note that monocyte recruitment via CCR2 signaling aids wound healing and the resolution of tissue damage in mice, including the repair of muscle [33] [34] [35] . Moreover, cervical neutrophils have been proposed to be principally involved in aiding postpartum cervical remodeling, perhaps through the release of matrix metalloproteinases and other remodeling proteins [36] . Successful postpartum tissue remodeling could be particularly important in securing future successful pregnancies and labors, and this is under further investigation in our laboratories. Interestingly, our preliminary evidence suggests that CCR2-deficient mice are more prone than WT counterparts to birthing difficulties in their second and third pregnancies. Understanding the role of chemokine-driven leukocyte infiltration of laboring gestational tissues in mice may clarify whether chemokines and their associated receptors have potential as therapeutic targets to facilitate optimal tissue repair and minimize future perinatal complications.
